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Guanosine (G) and deoxyguanosine (dG) radical cations can be generated in the gas phase by
single electron transfer (SET) within nucleoside-dimethoxynaphthalenes (1–2) electron-bound
heterodimers produced by fast atom bombardment in a four sector mass spectrometer. The
nucleobase guanine is much more easily oxidized when it is linked to a ribose moiety. The
radical cation dimers formed by G and dG with sinapinic acid behave as proton-bound
heterodimers. The experiments mimic to some extent the migration of radical sites within
stacking bases which causes DNA damaging through depurination processes. (J Am Soc
Mass Spectrom 2001, 12, 176–179) © 2001 American Society for Mass Spectrometry
Ionizing radiation induces DNA damage of livingcells through the localization of an unpaired spindensity on one of the two strands [1]. Radical sites
can either be directly formed or transferred from the
initially oxidized bases, because double helix DNA
behaves as a medium for charge transfer (CT) through
its extended stacked heterocyclics [2–4]. Various mech-
anisms may be in operation when those reaction inter-
mediates that lead to double strand scission are formed.
Evidence exists [5] whereby the migration of the radical
site towards the guanine residue, and the subsequent
interstrand hydrogen abstraction, gives rise to proton-
ated guanine which causes DNA damage through the
formation of apurinic sites (Figure 1). Intrastrand hy-
drogen atom abstraction could also be feasible, as
recently proved by means of labeled oligonucleotide
models [6].
The interaction of a particle of keV kinetic energy
with organic compounds can induce the formation of
unpaired electron species. In particular, single stranded
oligonucleotides undergo, by fast atom bombardment
mass spectrometry (FABMS) [7], electron capture pro-
cesses [8], verified also with simple benzoylated cy-
tosines possessing low-lying lowest unoccupied molec-
ular orbital (LUMOs) [9]. Under the same conditions,
and in the positive ionization mode, nucleic acid mol-
ecules preferentially form protonated species [10a,b]. A
peculiarity of FABMS is the production of radical
species through the formation of CT complexes [11a,b].
The latter can survive the selvedge region and be
detected intact in the gas phase [12]. The unimolecular
dissociations of the electron-bound dimers formed pro-
vide a unique tool for assessing the ionization energies
(IE) of the interacting species [13]. Fourier transform
mass spectrometry (FTMS) has been recently employed
for the determination of the IE of adenine nucleobase
using the dissociation equilibrium of its CT complexes
with reference species of known values [14]. It was also
shown that the gas-phase acidity of the adenine radical
cation was significantly higher than that of protonated
adenine, thus favoring intrastrand proton migration
[14] within adjacent bases in duplex DNAs. Loosely
bound radical cations can be generated from aromatic
compounds and N-methylimidazole by chemical ion-
ization (CI), in a conventional CI source, or by ion–
molecule reactions in FTMS experiments [15].
The process of transferring an unpaired spin density
through interacting species has been widely investi-
gated in the condensed phase [16]. A particular appli-
cation is represented by the photochemical deprotection
of arylsulfonamides through the formation of UV in-
duced CT complexes with aromatic electron donors
such as methoxynaphthalenes [17a,b]. The formation of
electron donor–acceptor (EDA) complexes has been
invoked to explain the increase of the relative abun-
dance of molecular radical cations of amines (electron-
donor, D) in the presence of quinones (A) [11a], and the
exclusive formation of molecular radical cations [11b]
from tosylated amino acid esters by FAB. The SET
process within EDA complex is probably driven by the
interaction of the p system of the interacting species
[16]. Moreover, aromatic systems, from simple benzene
to more complex species such as ethidium ions [18],
disrupt, through intercalation and stacking, the vertical
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arrangement of nucleobases within DNA strands. Un-
fortunately, a part from nucleobases, even simple DNA
molecules such as nucleosides, are extremely thermally
labile. Moreover, the desorption methods, such as FAB,
always lead to gaseous protonated species, owing to the
known basic properties of the nucleobases [19a,b]. The
availability of suitable radical inducers could permit the
formation of gaseous electron-bound dimers containing
nucleoside units and might allow the evaluation of both
charge-transfer processes and hydrogen atom migra-
tion in experimental conditions close to those experi-
enced within double stranded DNAs.
Experimental
All the compounds were commercial available and
were used without further purification. Saturated solu-
tions (1–2 mL) of the appropriate nucleoside and radical
inducer were added to 1 mL of m-nitrobenzyl alcohol
(NBO) and exposed to ion bombardment. Mass spectral
data were obtained from a VG-ZAB-T (Micromass,
Wythenshave, Manchester, UK) four-sector (B1 E1 B2 E2)
mass spectrometer equipped with an inhomogeneous
field electrostatic analyzer, with a reversed Mattauch-
Herzog geometry of MS2. Ionization was achieved by
bombardment with 20 eV cesium ions. The spectra were
recorded in the positive ionization mode at 8 kV accel-
erating potential. MS/MS experiments (high-energy
CID) were performed on monoisotopic precursors (12C
isotope). Argon was used as the collision gas at a
pressure corresponding to 75% attenuation of the pre-
cursor ion beam. Product ion spectra were acquired
using a 2048 microchannel photodiode (MCP) array
detector placed after E2.
Results and Discussion
The search for a suitable radical inducer has lead to the
evaluation of the reactivity of methoxynaphthalenes. Its
ability to undergo CT complexes formation with sulfon-
amides, in the condensed phase and under UV light
irradiation, has been widely exploited [17]. Both 2,6
(2,6-DMN; 1) and 2,7 (2,7-DMN; 2) dimethoxynaphtha-
lenes produced abundant odd (M1x) and even
(M 1 H)1 electron cationic species (Table 1) when
bombarded in NBO with a 20 keV Cs1 ion beams. The
molecular ions undergo two common reaction paths
that lead to even-electron fragment ions through the
loss of hydrogen and methyl radicals. This particular
chemistry, already encountered when the same species
were formed by electron ionization (EI) [20], with
different internal energy distribution, has been con-
firmed by mass spectrometry/mass spectrometry (MS/
MS) [21] product ion spectra of the molecular ions
produced by FAB (Table 1). The latter could be the
method of choice for the production of CT complexes
between the radical cations obtained from 1 and 2 and
Figure 1. Schematics of CT processes through staking bases
within double helix DNA. The formation of the apurinic site is
driven by the migration of a hydrogen atom followed by the
releasing of a protonated nucleobase.
Table 1. Relative percentage of precursor ions (MS) and product ions (MS/MS, CID) of 2,6- (1) and
2,7- (2) dimethoxynaphthalenes obtained from FAB spectra
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nucleobases or nucleosides. The “chromophores” 1 and
2 mixed in NBO with guanosine (G) or deoxyguanosine
(dG) produced, when bombarded with Cs1 ion beams,
the electron-bound heterodimers (3–6, Table 2). The
latter dissociate in the gas phase mainly into the two
electron ionized ligands which undergo further frag-
mentation through known processes. In the case of
ionized nucleoside subsequent fragmentation leads to
the formation of charged nucleobases, regardless the
charge status of the reacting species [10].
A first consideration which can be drawn from the
data reported in Table 2 is that in a hydrophobic
environment, such as that mimicked by high vacuum,
single electron transfer (SET) can occur between the
nucleosides and the aromatic systems. This process
imitates, to some extent, the migration of the unpaired
spin density towards the nucleobase with the lowest
ionization energy, available within damaged DNA
strands [5].
Proton-bound dimers formed by radical cations and
neutrals are intermediates [22] in the laser desorption
ionization of biomolecules, by MALDI. The product ion
spectrum of the cluster [dG 1 SA]1x obtained by FAB of
deoxyguanosine mixed with sinapinic acid [SA, 3-(3,5-
dimethoxy-4-hydroxyphenyl)-2-propenoic acid] (Figure
2) show the unpaired spin density is specifically re-
tained in the SA moiety. The spectrum, in fact, corre-
sponds essentially to the superimposition of the spectra
of [dG 1 H]1 and SA1x cations and agrees with the
results obtained in a supersonic jet expansion chamber
when SA radical cations were allowed to react with
aminoacids [22].
The electron-bound dimer at m/z 491 is indeed
formed by the interactions of SA radical cations with
deoxyguanosine neutrals. This nominal electron-bound
dimer, however, behaves as proton-bound dimer, thus
showing an irreversible SET process. Therefore, the SET
process does not depend on the availability of cluster
radical cations, but is directly correlated to the DIEs of
the interacting species. The unimolecular dissociations
of the electron-bound heterodimer formed by the same
nucleosides and 2-methoxynaphthalene (7.44 eV) [23]
produced only 2MMN1x. The species formed with the
radical inducer 1 (7.78 eV) [24] and 2 (7.92 eV) [25]
displayed the reversible SET process. The radical cation
cluster obtained from deoxyguanosine and sinapinic
acid behaved as a proton-bound heterodimer (8.50 eV
was the IE value estimated [22] for SA. It should lie
between 8.14 and 9.00 eV which correspond to the IEs of
1,3-dimethoxybenzene [26] and cinnamic acid [27], re-
spectively).
It can be suggested therefore that nucleosides can
form reversible electron-bound dimers with aromatic
systems of similar ionization energy. In this case the
SET process occurs in both directions, likely through
stacking CT complexes. An irreversible SET is featured
when large difference exists in the IEs of the interacting
species or when a proton-bound species is formed as a
consequence of the basic properties of nucleosides.
Low yields of protonated guanosine and deox-
yguanosine were, however, obtained in the unimolecu-
lar dissociations of the clusters 3–6. It seems unlikely
that proton-bound dimers between dG (PA 5 237.9)
[19a, 28] and G(PA 5 237.4) [19b, 28] and dime-
thoxynaphthalenes (1 and 2) might be formed even if
the acidity of the dimethoxynaphthalene radical cations
were substantially enhanced with respect to the neutral
[29]. The relative yields of (dG 1 H)1 should be, in any
case, higher than those of (G 1 H)1 species, in contrast
with the experimental data reported in Table 2.
The reaction paths taken by the CT complexes 3–6
seem, therefore, to involve the partitioning of the un-
paired electron among the two ligands followed by a
hydrogen atom migration. One of the methoxy groups
of the radical inducers can act as a source of hydrogen
Table 2. FAB MS/MS spectra of the electron-bound species
containing the nucleobase (N) guanosine (G) and
deoxyguanosine (dG)
Electron-bound
dimers
% Rel.
N•1 a DMN•1 b [N 1 H]1 a
3; [dG 1 2,6-DMN]•1 14.8 83.6 1.6
4; [G 1 2,6-DMN]•1 29.9 63.4 6.7
5; [dG 1 2,7-DMN]•1 26.4 70.0 3.6
6; [G 1 2,7-DMN]•1 43.5 46.1 10.4
aThe formation of minor percentage of nucleobase and sugar ions is
considered.
bThe relative percentage of the [2,6-DMN–CH3]
1 product ion is included
when appropriate.
Figure 2. FAB-CID spectrum of the dimer formed between
sinapic acid radical cation and deoxyguanosine.
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atom, whereas the other one contributes, at different
extent, to the stabilization of the resulting radical neu-
tral (Scheme 1).
We suggest that the partitioning of the unpaired
electron between the donor and the acceptor is followed
by an intracluster rearrangement, already proposed in
similar cases [30]. This gives rise to a reacting configu-
ration whereby a nucleoside radical cation abstracts a
hydrogen from the interacting neutral DMN. In this
case the partitioning of the hydrogen atom depends
only on the availability of the rearranged CT complex,
which in turn is related to the narrowing of the energy
barrier for an electron partitioning between the reacting
species.
Conclusion
Single electron transfer can occur between nucleosides
and electron donor/acceptor aromatics likely through
stacking interactions in an isolated environment such as
the high vacuum. The results indicate that the extent of
localization of the radical site on the nucleobase is
affected by the sugar structure. Moreover, the incipient
nucleoside radical cations can abstract a hydrogen atom
from the interacting aromatics thus giving a protonated
species which undergoes unimolecular depurination.
The experiments mimic damage processes verified in
the condensed phase for double-stranded DNAs. They
also provide a means for the production of gaseous
nucleoside molecular ions and might be used for the
assessment of their absolute electron ionization energy
through the kinetic method.
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